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ABSTRACT 
 
 
Atrazine is an herbicide with several known toxic effects, including 
interactions with other chemicals.  Atrazine increases the toxicity of several 
organophosphates and has been shown to reduce the toxicity of triclosan to D. 
magna in a concentration dependent manner.  Atrazine is a potent activator in 
vitro of the xenobiotic-sensing nuclear receptor, HR96, related to vertebrate 
constitutive androstane receptor (CAR) and pregnane X-receptor (PXR). HR96 is 
a promiscuous nuclear receptor that is activated and inhibited by a variety of 
xenobiotics, and regulates transcription of Phase I-III enzymes, as well as genes 
involved in cholesterol homeostasis and triglyceride uptake.  RNA sequencing 
(RNAseq) was performed to determine if atrazine is inducing phase I-III 
detoxification enzymes in vivo, and estimate its potential for mixture interactions. 
RNAseq analysis demonstrates induction of glutathione S-transferases (GSTs), 
cytochrome P450s (CYPs), glucosyltransferases, and xenobiotic transporters, of 
which several are verified by qPCR.  Pathway analysis demonstrates changes in 
drug, glutathione, and sphingolipid metabolism, indicative of HR96 activation. 
Based on our RNAseq data, we hypothesized as to which environmentally 
relevant chemicals may show altered toxicity with co-exposure to atrazine.  Acute 
toxicity tests were performed to determine individual LC50 and Hillslope values as 
were toxicity tests with binary mixtures containing atrazine. The observed mixture 
toxicity was compared with modeled mixture toxicity using the Computational 
Approach to the Toxicity Assessment of Mixtures (CATAM) to assess whether 
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atrazine is exerting antagonism, additivity, or synergistic toxicity in accordance 
with our hypothesis. Atrazine mixtures with triclosan decreased toxicity as 
expected; atrazine mixtures with parathion, endosulfan, and to a lesser extent p-
nonylphenol increased toxicity. In summary, exposure to atrazine activates 
HR96, and induces phase I-III detoxification genes that are likely responsible for 
mixture interactions.   
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CHAPTER ONE 
 
BACKGROUND 
 
 
Daphnia magna are freshwater crustaceans commonly used in toxicology 
testing. Members of the Daphnia genus are found around in the world and can be 
found in most slow moving freshwater ponds and lakes except in extreme 
conditions (Ebert, 2005; EPA, 2002). They are suspension feeders that feed 
primarily on algae, although in laboratory conditions their diet is often 
supplemented with fish food flakes, vitamins, or yeast (Baldwin et al., 2001; Stark 
& Banks, 2016). In favorable environmental conditions (approximately 20°C with 
adequate food and minimal abiotic stressors), all Daphnia magna are clonal 
females, reproducing via parthenogenic eggs that develop after each molt. Eggs 
hatch in the brood chamber but neonates develop for several more days before 
they are released. Immature daphnids go through four to six instars before 
reaching reproductive age, usually around ten days old. A large Daphnia species 
such as D. magna can produce up to 100 eggs in a brood although 15 – 50 is 
more common (Ebert, 2005; EPA, 2002). Daphnia are easy to culture in lab, 
have a short generation time, and show low genetic variability within a laboratory 
maintained culture, making D. magna an excellent model for toxicology testing.  
D. magna are also good models for genomics research.  The closely 
related D. pulex already has its genome sequenced and published (Colbourne et 
al., 2011), and a draft of the D. magna genome has been produced (Orsini et al., 
2016). The wealth of knowledge about D. magna and their life history make them 
ideal model organisms for studying transcriptomic changes in the organism 
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following chemical stress. Furthermore, Daphnia share the most number of 
genes with humans out of all other study invertebrates, making them relevant in 
environmental and human health studies (Colbourne et al., 2011). However, 
extrapolation with Daphnia has limitations, as a high number of genes are 
specific and/or expanded in the genus and not found in other species (Orsini et 
al., 2016). In D. pulex, 36% of genes do not have homology in other crustaceans 
(Colbourne et al., 2011). The duplication and expansion of certain genes in 
Daphnia has been hypothesized to play a role in its ability to withstand ecological 
stress  (Baldwin et al., 2009; Colbourne et al., 2011).   
Nuclear receptors (NR)are a type of transcription factor that respond to 
endogenous and environmental cues to induce a response to maintain 
homeostasis (Litoff et al., 2014). They function by being activated by a 
compound, endogenous or exogenous, bind to the DNA response element, and 
initiate transcription. Many receptors must translocate into the nucleus from the 
cytoplasm and/or bind with a co-activator before binding to the DNA response 
element (Litoff et al., 2014). Most nuclear receptors have five modules: A/B, C, D, 
E, and F. Each module serves a purpose; the A/B region binds to coactivators, C 
is the DNA binding region, D is the hinge region that is involved in translocation 
into the nucleus after activation, E is the ligand binding domain, and the F region 
has unknown purpose (Litoff et al., 2014). Some, like CAR, only have three 
regions; the DNA binding domain, hinge region, and ligand binding/ 
dimerization/transcriptional activation domain (Hernandez et al., 2009). 
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The NR1 subfamily is made up of nuclear receptors involved in energy 
metabolism and resource allocation, as well as xenobiotic detoxification (Litoff et 
al., 2014; Sengupta et al., 2016). The constitutive androstane receptor (CAR) is a 
promiscuous nuclear receptor named for its inverse agonist, androstanes that 
can be used to reduce its constitutive activity. When CAR is activated by a ligand 
or phosphorylated, it translocates to the nucleus and binds to RXR to form a 
heterodimer, and they bind to the response element, PBREM, to initiate 
transcription (Hernandez et al., 2009). CAR activation is responsible for the 
induction of many genes, such as cytochrome P450s (CYP) like CYP2B genes, 
several CYP3A members, UGT1A1, glutathione S-transferases (GSTs), and 
transporters, among other detoxification genes (Hernandez et al., 2009; Ueda, 
2002). The pregnane X receptor (PXR) is another promiscuous receptor that is 
primarily in the nucleus and binds with co-activators like steroid receptor co-
activator 1 to initiate transcription (Hernandez et al., 2009). The ligand binding 
domain of PXR may be even more promiscuous than CAR, due to it’s large, 
hydrophobic, flexible structure that can accept a variety of ligands (Ekins, 2002). 
It is also induces a range of detoxification genes when activated, most notably 
CYP3A4 and the transporter MDR1 (Mensah-Osman et al., 2007).  
CAR and PXR are found in mammals, while an ortholog, HR96, is found in 
invertebrates (King-Jones et al., 2006). Less is known about the mechanism 
behind HR96 activation, but like CAR and PXR,  it is known to be a transcription 
factor, as evidenced by the HR96 protein being found restricted to the nucleus of 
cells expressing HR96 (King-Jones et al., 2006). As promiscuous nuclear 
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receptors and transcription factors, activation of these receptors by a variety of 
ligands can induce a xenobiotic metabolism response.  
Activation of xenobiotic-sensing nuclear receptors can also lead to 
adverse drug interactions. A well-known example is activation of PXR by 
hyperforin, inducing CYP3A4, an important CYP isozyme that metabolizes more 
than 50% of pharmaceuticals. This increase in CYP3A4 in the body in turn 
increases the clearance of xenobiotics, including medically necessary drugs like 
warfarin, an anticoagulate, oral contraceptives (Wanwimolruk and 
Prachayasittikul, 2014), as well as clearance of antiretroviral drugs and 
immunosuppressant drugs. The implications of this unwanted drug clearance 
include surgical complications, stroke, organ rejection, or unwanted pregnancy, 
among others (Vogel, 2001). Similarly, activation of PXR by hyperforin, 
rifampicin, and phenobarbital can induce CYP2C9. While not as metabolically 
active as CYP3A4, CYP2C9 can increase clearance of other important drugs 
such as phenytoin, used to treat epilepsy, and ibuprofen (Chen et al., 2004). 
CAR activation by phenobarbital induces CYP2E1 and CYP3A isozymes, which 
convert acetaminophen to the reactive metabolite N-acetyl-p-benzoquinone imine 
(NAPQI). NAPQI is a toxic metabolite that produces reactive oxygen species in 
the body (Zhang et al., 2002). With its similar role as a transcription factor, HR96 
activation or inhibition is likely responsible for drug-drug interactions in 
invertebrates.  
 In invertebrates, HR96 is a NR known for its role in xenobiotic metabolism 
(Karimullina et al., 2012; King-Jones et al., 2006; Litoff et al., 2014). It is also 
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involved in the metabolism of endogenous ligands such as fatty acids (Bujold et 
al., 2010). Drosophila HR96 plays a role in the regulation of the Niemann-Pick 
type C gene family, important in the metabolism of cholesterol (Horner et al., 
2009). HR96 regulates cholesterol and triacylglycerol homeostasis in Drosophila 
through its regulation of magro, a gastric lipase (LipA homolog) (Bujold et al., 
2010; Sieber and Thummel, 2009).  Treatment of Daphnia magna with different 
fatty acids also induces magro, putatively through HR96 activation (Sengupta et 
al., 2017). Activation of CAR and PXR have also been shown to regulate fatty 
acid metabolism and triglyceride levels, further suggesting homology between 
these NRs and HR96 (Hernandez et al., 2009). 
In Drosophila, HR96 is activated by phenobarbital, a potent activator of 
CAR, supporting an orthologous relationship between CAR and HR96 (King-
Jones et al., 2006). Atrazine was found to be the most efficacious activator of 
HR96 in D. magna (Sengupta et al., 2015). In addition to atrazine, HR96 was 
activated by other pesticides like chlorpyrifos and pyriproxyfen, as well as 
endogenous compounds such as the steroid hormones estradiol and 
corticosterone, and the omega-6 fatty acids oleic acid and linoleic acid 
(Karimullina et al., 2012). Several compounds were found to be inhibitors or 
inverse agonists of HR96, including triclosan.  Interestingly, in D. magna, 
phenobarbital was a weak inhibitor of HR96, in contrast to what is observed in 
Drosophila (Karimullina et al., 2012; King-Jones et al., 2006). The hormone 
androstanol is a weak inverse activator in HR96, just as it is CAR, and omega-3 
fatty acids eicosapentaenoic acid, docosahexaenoic acid (DHA), and α-linolenic 
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acid are inverse agonists as well (Karimullina et al., 2012). Previous research 
had shown that DHA is also an inverse agonist to CAR (Li et al., 2007).  The 
wide range of exogenous and endogenous compounds that alter HR96 
expression support the classification of HR96 as a promiscuous nuclear receptor.  
Daphnia pulex and D. magna, two closely related crustacean species, 
have 26 nuclear receptors, including HR96 (Litoff et al., 2014). Many of the 
nuclear receptors are highly conserved between species, and for HR96, the DNA 
binding domain and the ligand binding domain are 98% and 96% similar, 
respectively (Litoff et al., 2014). In D. magna, HR96 is shown to be expressed at 
nearly same levels throughout its lifespan (Sengupta et al., 2015). Activation by 
atrazine, a potent HR96 agonist, induces GST activity and an overall antioxidant 
response in D. magna (Sengupta et al., 2015). Atrazine’s activation of HR96 and 
the potential induction of a detoxification response suggest the potential for 
interactions with other compounds. Atrazine has been shown to have a 
concentration dependent protective effect on D. magna survival when in mixture 
with HR96 inhibitors triclosan and DHA (Sengupta et al., 2015).  
 Atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-S-triazine) is an 
herbicide used worldwide, including the United States. It inhibits electron 
transport of the Hill reaction of photosystem II in pest plants and is applied to 
corn, sorghum, sugarcane, orchards, and other crops (DeLorenzo & Serrano, 
2003; Wacksman et al., 2006). It was banned in the European Union in 2004, but 
is still in use elsewhere (Nawaz et al., 2014). Due to its heavy application (33.6 to 
36.3 million kg applied in United States in 2001), it is susceptible to runoff into 
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surface waters and has been detected in ground and surface water (Wacksman 
et al., 2006). With a hydrolysis half-life of 30 days, it is a relatively persistent in 
water (DeLorenzo and Serrano, 2003). A study on wastewater treatment plants in 
Spain found atrazine was not eliminated in wastewater effluent without additional 
processing, meaning even treated water can have the herbicide in it (Köck-
Schulmeyer et al., 2013). Atrazine has a relatively high water solubility at 32 
mg/L, and concentrations as high as 700 µg/L has been detected in runoff, 
although typical surface water concentrations range from 0.1 – 30 µg/L 
(DeLorenzo and Serrano, 2003; Wacksman et al., 2006). Given its ubiquity in the 
environment, atrazine has been studied for its toxicity to the environment.  
 Atrazine has been found to be toxic to phytoplankton and animals, but 
toxicity varies from species to species. Studies on phytoplankton have found that 
acutely toxic concentrations range from 1-1000 µg/L depending on species, 
meaning more sensitive species may encounter toxic concentrations in surface 
water (DeLorenzo and Serrano, 2003). Atrazine significant reduces growth of the 
marine phytoplankton Dunaliella tertiolecta at concentrations greater than 25 
µg/L (DeLorenzo and Serrano, 2003). In contrast, atrazine was not acutely toxic 
in Chironomus tentans larvae, even up to concentrations of 10,000 µg/L (Belden 
and Lydy, 2000). Atrazine decreased the number of larvae that pupated and 
emerged as adults, as well decreased the time to emergence and decreased 
lifespan in Drosophila melanogaster exposed to concentrations of 2 ppb to 20 
ppm (Marcus and Fiumera, 2016). In D. magna, chronic exposure to atrazine 
significantly reduced reproduction by 50%-90% at concentrations from 10-80 µM. 
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Chronic atrazine exposure coupled with starvation also reduced survival in 
daphnids, particularly following reproduction (Sengupta et al., 2016).  
It is hypothesized that the atrazine interrupts mitochondrial electron 
transport, just as it interrupts electron transport in chloroplasts during 
photosynthesis; the animal mitochondrial electron transport chain complexes I 
and II have Q binding sites that are similar to the binding site on the photosystem 
complex II in chloroplasts in plants. This mitochondrial stress can lead to the 
formation of reactive oxygen species that negatively impact longevity (Marcus 
and Fiumera, 2016). In D. magna, atrazine concentrations ranging from 0.5 – 15 
mg/L caused an increase in embryo mortality due to developmental abnormalities 
during gastrulation and organogenesis (Palma et al., 2009). While atrazine may 
not be particularly lethal, it is the effects of sublethal exposure that has caused 
some concern, most notably endocrine disruption. 
Ovariectomized rats treated with atrazine saw a suppression of estrogen 
induced luteinizing hormone and prolactin. This is likely due to atrazine 
increasing dopamine and reducing norepinephrine in the hypothalamus, which 
then reduces luteinizing hormone and prolactin (Cooper et al., 2000). This 
decrease in prolactin can affect subsequent generations as well. A different study 
with rats exposed nursing female rats to atrazine and observed a similar 
decrease in prolactin levels due to high concentrations of exposure. These male 
offspring had a higher incidence of prostatitis when they reached adulthood 
(Stoker et al., 1999). In male goldfish, 1000 µg/L atrazine exposure for 21 days 
led to a decrease in testosterone and 11-ketotestoterone and increase in 17β-
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estradiol.  High atrazine exposure induced structural disruption of the testis 
(Spano et al., 2004). Perhaps one of the most famous studies done with atrazine 
was by Hayes et al. on Xenopus laevis. At concentrations greater than 0.1 ppb, 
evidence of endocrine disruption was observed in the frogs, including the 
induction of hermaphroditism and the reduction of larynges in male frogs, 
essentially causing feminization of males. At 25 ppb, there was also a decrease 
in testosterone in males treated with atrazine, and they hypothesized this was 
due to atrazine inducing aromatase that converts testosterone to estrogen 
(Hayes et al., 2002). Similarly, a study done on X. laevis oocytes found that 
atrazine treatment decreased the amount of time to maturation while not affecting 
mortality or maturation success rate (Ji et al., 2016). A study done with Poecilia 
sphenops found there was an increase in aromatase activity in gonads of male 
and female fish treated with 0.83 – 2.5 ppm atrazine (Vasanth et al., 2015); a 
similar increase in aromatase activity could be responsible for the measured 
decrease in testosterone in X. laevis as Hayes et al. hypothesized (Hayes et al., 
2002).  
Many studies have been performed to examine the effects of atrazine in 
mixtures. In general, chemical mixtures can have several interactions: additive, 
synergistic, or antagonistic. Additivity occurs when the toxicity of individual 
compounds in the mixture add up in a predictable manner, either through 
concentration addition or independent joint action (Bliss, 1939; Olmstead and 
LeBlanc, 2005). Concentration addition occurs when the two compounds have 
the same mode of toxicity and therefore can be treated as different 
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concentrations of the same compound, at least for predictive modeling purposes. 
Independent joint action refers to an additive effect when the compounds have 
different mechanisms of toxicity (Bliss, 1939; Olmstead and LeBlanc, 2005). 
Greater than additive effects are characterized as potentiation or synergism; 
potentiation refers to a synergistic effects where one compound is inactive 
individually (Feron and Groten, 2002; Metcalf, 1967). Less than additive effects in 
a mixture is antagonism, which can occur through opposite mechanisms of 
toxicity, receptor competition, or chemical interactions, for example (Feron and 
Groten, 2002; Metcalf, 1967). Protection, a type of antagonism, occurs when one 
chemical mitigates some or all of the negative effects of another (Sengupta et al., 
2015).  
Atrazine has been found to have mixture interactions with various other 
chemicals. In D. magna, atrazine provided protection and decreased mortality in 
a concentration dependent manner when in mixture with DHA and triclosan; both 
are HR96 inhibitors (Sengupta et al., 2015). In Chironomus tentans, atrazine 
caused synergistic effects when in binary mixtures with the organophosphates 
chlorpyrifos, methyl parathion and diazinon, although not malathion (Belden and 
Lydy, 2000). In vivo and in vitro assays of midges exposed to chlorpyrifos found 
an increase in polar metabolites and the chlorpyrifos-O-analog respectively in 
midges exposed to the atrazine mixture when compared to chlorpyrifos alone, 
suggesting that atrazine is increasing toxicity by increasing the production of 
toxic metabolites (Belden and Lydy, 2000). An additive effect is seen with 
atrazine and chlorpyrifos in the phytoplankton Dunaliella tertiolecta (DeLorenzo 
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and Serrano, 2003), but this effect on chlorpyrifos by atrazine is not necessarily 
seen in vertebrates. Toxicity of chlorpyrifos was increased with atrazine co-
exposure in X. laevis, but this was not observed or was inconclusive for Rana 
clamitans, Lepomis macrochirus, and Pimephales promelas (Wacksman et al., 
2006). Furthermore, cholinesterase activity or chlorpyrifos uptake rates were not 
affected by atrazine in these vertebrates, meaning increased toxicity occurred 
through a different route (Wacksman et al., 2006). In the study done on X. laevis 
ooctyes, the mixture of atrazine and malathion was associated with a shorter 
maturation time than the control, atrazine alone, or malathion alone (Ji et al., 
2016). In fertilized oocytes, the mixture of atrazine and malathion caused 
abnormal embryonic cell division and increased the death rate of the embryos (Ji 
et al., 2016).  
The other chemicals chose for the mixture assays are also considered to 
be environmentally relevant, as they have been detected in the environment and 
have potential adverse effects on humans and other organisms. Chlorpyrifos is 
an organophosphate insecticide that kills insects by inhibiting 
acetylcholinesterase and disrupting the nervous system (Olmstead and LeBlanc, 
2005). It is a commonly used pesticide, with between 7 million and 9 million lbs 
active ingredient used in 2007 (Grube et al., 2011); a significant amount is used 
on crops like corn (USGS, 2000). A large scale stream survey conducted in 30 
states by USGS found chlorpyrifos in 15% of streams (Kolpin et al., 2002).  
Average concentrations found in the USGS study are acutely toxic and probably 
have effects on aquatic organisms (Olmstead and LeBlanc, 2005).  Humans 
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exposed to chlorpyrifos have experienced changes in their immune system, 
including an increase in autoantibodies (Thrasher et al., 2002). Similarly, a study 
done on rats found that exposure to chlorpyrifos during the neonatal stage was 
associated with a decrease in T cell function, also affecting the immune function 
(Navarro et al., 2001).  
Parathion, another organophosphate insecticide, also causes toxicity by 
inhibiting acetylcholinesterase. Still in use today but banned in the United States, 
it is toxic to humans and responsible for poisonings, especially in developing 
countries. A study on parathion toxicity found that rats exposed to parathion had 
decreased acetylcholinesterase activity in their blood, with lowest levels 
occurring three hours after exposure. Eight days after the exposure, activity 
levels had not returned fully to baseline levels, suggesting acute parathion 
exposure can have lasting negative impacts (Bunya et al., 2016). Transactivation 
assays with mouse CAR (mCAR) found parathion to be a potent activator of CAR 
in vitro (Baldwin & Roling, 2009), but not in vivo, potentially due to the short half-
life of parathion. Basal regulation of P450s by CAR is responsible for the 
metabolism of parathion in mice, despite parathion not activating CAR, and 
therefore individuals with lowered CAR expression, such as newborn infants, are 
likely more sensitive to parathion exposure (Mota et al., 2010).  
Endosulfan is an organochlorine insecticide that was once used in high 
quantities in the United States, particularly on crops like cotton, apples, and 
tomatoes. Between 1992-1995, 2,087,805 lbs active ingredient. of endosulfan 
was used over 1,614,778 total acres in the US, but now use is being phased out 
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due to its danger to humans and the environment (USGS, 2000). Endosulfan has 
been shown to induce reactive oxygen species (ROS) in mammals as well as 
DNA damage (Sebastian and Raghavan, 2017). In D. magna, endosulfan 
exposure induced ROS while inhibiting antioxidants that may mitigate ROS 
damage such as superoxide dismutase. Other antioxidant responses such as 
glutathione peroxidase and GSTs were induced by endosulfan (Barata et al., 
2005). Endosulfan also has neurological impacts. Male mice born to mothers 
exposed to endosulfan prior to and throughout lactation were found to have 
significantly altered frontal cortexes, including alterations to the GABAergic, 
glutamatergic, and dopaminergic neurotransmitter circuits (Caudle, 2015). 
Bisphenol A (BPA) is used in the production of plastics and is an estrogen-
like compound that can bind with estrogen receptors (Michałowicz, 2014; Rubin, 
2011). The USGS stream survey found BPA is 41.2% of surveyed streams 
(Kolpin et al., 2002). Related to these endocrine disrupting effects, BPA is a 
presumed obesogen in mammals. Studies with mice exposed to BPA during the 
perinatal stage found the exposed mice had higher numbers of adipocytes and 
higher body weight as adults. Interestingly, a survey of adolescents in the United 
States found an association between BPA concentrations in urine and obesity 
(Michałowicz, 2014). In D. magna, BPA exposure was associated with increased 
levels of triacylglycerol, or storage lipids, in post-spawning adults (Jordao et al., 
2016).  
p-nonylphenol is an industrial chemical that has also been implicated for 
endocrine disrupting effects, such as alteration of ecdysone levels in D. magna 
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(Jordao et al., 2016). Also in Daphnia, pre-treatment with p-nonylphenol caused 
endocrine disruption and resulted in abnormal conjugation and increased 
accumulation of testosterone, which may alter hormone-dependent processes 
such as reproduction (Baldwin et al., 1997) Exposure negatively affects growth 
rates in D. magna (Olmstead and LeBlanc, 2005), but also alters lipid storage. In 
contrast to BPA, p-nonylphenol decreased triacylglycerol levels in adult D. 
magna, as well as decreased the clutch size and size of offspring during high 
exposure (Jordao et al., 2016). It is prevalent in the environment and was 
detected in 50.6% of streams in the USGS survey (Kolpin et al., 2002). 
Triclosan is a commonly used antibacterial that is detected in the 
environment and in the tissues of animals through bioaccumulation (Dann and 
Hontela, 2011). It was detected in 57.6% streams surveyed between 1999-2000 
(USGS, 2000), and in 2002, 1500 tons was produced worldwide (Dann and 
Hontela, 2011). Triclosan is not particularly toxic to mammals, but other 
organisms like algae are more sensitive, meaning triclosan can have ecosystem 
impacts (Dann and Hontela, 2011). D. magna exposed to triclosan and starved 
entered a state of senescence, never reaching adulthood or reproducing, 
perhaps due to triclosan inhibiting fatty acid synthase and repressing lipid stores 
for growth and development (Sengupta et al., 2016). While not causing mortality 
in mammals in low doses, its prevalence in animal tissue, including human breast 
milk, is cause for concern. Rats exposed to triclosan saw a decrease in levels of 
thyroxine, potentially disrupting the thyroid system (Crofton et al., 2007). 
15 
 
RNA sequencing (RNAseq) is a recently developed technology that 
sequences the transcripts of a tissue or organism to create a transcriptome. This 
provides a record of the gene expression for the organism or tissue at a specific 
time or under specific conditions. In addition to quantifying differential gene 
expression, RNAseq has advantages over technologies such as microarrays as it 
can perform de novo assemblies and identify splice variants (Wang et al., 2009). 
RNA is converted to cDNA to create a library of cDNA fragments. Adaptors are 
added to the fragment ends then sequenced. The sequenced reads are aligned 
to a reference genome or if no reference is available, assembled de novo. Once 
the reads are aligned, the number of reads for each gene are quantified to 
determine differential gene expression. Annotation can be done from the 
reference genome or from a probability approach for de novo assembly (Wang et 
al., 2009). RNAseq is a useful tool for studying the transcriptome of D. magna 
exposed to different chemical stressors. Recognizing up-regulated or down-
regulated genes in a population can potentially help develop gene biomarkers 
that can identify types of chemical stress, or signal downstream effects. For 
example, the downregulation of vitellogenin in D. magna exposed to 
propiconazole could signal chronic reproductive effects in the population (Kim et 
al., 2015). By measuring differential gene expression in a sample of the 
population, chemical or environmental stress may be recognized before mortality 
or other major detrimental effects occur, by recognizing the biochemical 
pathways and potential modes of action at the molecular level. However, more 
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research is needed to develop predictions of organism level and population level 
effects based on transcriptomes alone.   
We are studying how the HR96 activator atrazine alters gene expression in D. 
magna, specifically the expression of detoxification genes, and whether these 
differences in gene expression affect toxicity in atrazine mixtures.  
Objective 1: Determine differential gene expression in D. magna exposed to 
40µM atrazine and determine detoxification genes differentially expressed. 
Our first objective is to determine if there is differential gene expression in 
D. magna exposed to 40 µM atrazine, a concentration that is not environmentally 
relevant but is sublethal and found to have mixture interactions with other 
compounds. This is done by RNAseq to determine up-regulated and down-
regulated genes, and then validated using qPCR. We hypothesize that atrazine 
exposure will alter gene expression in D. magna, particularly GSTs, CYPs, and 
transporters, as previous work has shown that atrazine induces GST activity 
(Sengupta et al., 2015). 
Objective 2: Determine if the induction of detoxification genes allows us to 
predict the effect of atrazine in mixtures 
Our second objective is to determine whether D. magna survival is 
affected by atrazine mixtures. We hypothesize that due to the upregulation of 
detoxification genes, there is potential for mixture interactions. Specifically, we 
expect antagonistic effects with HR96 inhibiting compounds, and synergism with 
organophosphate compounds due to increased activation from an up-regulation 
17 
 
of CYP genes. This is accomplished by conducting individual acute toxicity tests 
then in binary mixtures with 40 µM atrazine.  
Overall, the purpose of my project is to determine if detoxification 
enzymes and metabolism genes are perturbed due to presumed HR96 activation 
by atrazine, and if these differences in gene expression affect toxicity in atrazine 
mixtures in a predictable manner. 
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CHAPTER TWO 
RNA SEQUENCING INDICATES THAT ATRAZINE INDUCES MULTIPLE 
DETOXIFICATION GENES IN DAPHNIA MAGNA AND THIS IS A POTENTIAL 
SOURCE OF ITS MIXTURE INTERACTIONS WITH OTHER CHEMICALS 
 
1. Introduction 
Daphnia species are aquatic crustaceans commonly used in 
ecotoxicology.  D. pulex was the first crustacean to have its genome sequenced 
(Colbourne et al., 2011), and the D. magna genome is currently available online 
(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA298946).  Subsequent 
phylogenetic analysis of the D. magna and D. pulex nuclear receptors (NRs) 
found many were strongly conserved between these Daphnia species, including 
HR96 (Litoff et al., 2014).  HR96 is an arthropod ortholog of the xenobiotic-
sensing NRs, CAR and PXR found in vertebrates (King-Jones et al., 2006; Litoff 
et al., 2014). In D. magna, it is expressed at similar levels at all ages tested from 
less than 2-days old to reproductive adults at 14-days old (Sengupta et al., 
2015).  Daphnia HR96 is activated and sometimes inhibited by a number of 
different chemicals, including pesticides, plasticizers, pharmaceuticals, steroids, 
and fatty acids (Karimullina et al., 2012). In turn it regulates the expression of 
phase I-III detoxification enzymes and transporters (Karimullina et al., 2012; 
King-Jones et al., 2006).  The chemical with the greatest potency for activating 
Daphnia HR96 is atrazine (Karimullina et al., 2012) making it a reference 
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compound for the activation of HR96 similar to phenobarbital for CAR or 
hyperforin for PXR (Kawamoto et al., 1999; Moore et al., 2000). 
Atrazine is a commonly used herbicide and an environmentally relevant 
chemical found in ground and surface waters around the world (Belden & Lydy, 
2000). Atrazine induces anti-oxidant responses, including GST activity in D. 
magna, probably due to HR96 activation (Sengupta et al., 2015).  Surprisingly, 
atrazine co-treatment provided protection from triclosan and docosahexaenoic 
acid (DHA) toxicity, presumably due to the induction of GSTs (Sengupta et al., 
2015).  The fungicide, chlorothanlonil that works through glutathione depletion, 
decreased the population growth rate of Dunaliella tertiolecta 1.83 times more 
when combined with atrazine then when either compound was provided 
individually (DeLorenzo and Serrano, 2003). Atrazine has also been shown to 
have interactions with other compounds, including organophosphates, as 
atrazine is associated with increased toxicity of chlorpyrifos in midge larvae and 
vertebrates (Belden & Lydy, 2000; Wacksman et al., 2006). Another 
organophosphate, malathion, caused reduced maturation time of oocytes in 
Xenopus laevis when co-exposed with atrazine, which ultimately led to a 
decrease in quality of the cells and abnormal cell division post-fertilization (Ji et 
al., 2016). Overall, atrazine interacts with a variety of compounds in several 
species.  
Mixtures are generally described as either having additive, synergistic, or 
antagonistic activity.  Additivity occurs when the effects of the individual 
compounds found in the mixture add to each other in a predictable manner. 
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When the two compounds have the same mode of toxicity their additive toxicity is 
called concentration addition; when the mode of toxicity is different but the 
mixture effect is still predictable, it is known as independent joint action (Bliss, 
1939; Olmstead & LeBlanc, 2005). When the toxicity of two compounds is 
greater than additive, it is called potentiation or synergism.  Antagonism occurs 
when the toxicity of a mixture is less than expected (Feron and Groten, 2002; 
Metcalf, 1967). Some chemicals that cause synergism or antagonism do so 
through concentration-dependent mechanisms, causing induction or inhibition of 
detoxification enzymes that alter the metabolism of the toxic chemical. The 
Computational Approach to the Toxicity Assessment of Mixtures (CATAM) is a 
calculator that uses the EC50 and sigmoidal dose-response curve of individual 
chemicals to predict the additive toxicity of mixtures using either concentration 
addition or independent joint action (Rider and LeBlanc, 2005). Deviations in the 
experimental data from the predictive model indicate either antagonism or 
synergism depending on whether the toxicity results are above or below the 
model.  
 Concentration-dependent interactions often occur because of increased or 
decreased activity of detoxification enzymes (Baldwin & Roling, 2009; Rider & 
LeBlanc, 2005; Sengupta et al., 2015). For example, organophosphates like 
parathion and malathion require activation by cytochrome P450s (CYPs) to 
inhibit acetylcholinesterase and exert toxicity, but co-treatment with piperonyl 
butoxide, a CYP inhibitor, negates the toxicity of organophosphates (Rider and 
LeBlanc, 2005).  The activation of PXR and subsequent induction of CYP3A4 
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increases the clearance of multiple chemotherapy drugs, immunosuppressants, 
and oral contraceptives (Harmsen et al., 2007; Moore et al., 2000; Vogel, 2001). 
Induction of drug transporters such as MDR1 and MRP2 increase clearance of 
chemotherapy drugs and ezetimibe, a cholesterol lowering drug (Oswald et al., 
2006; Watkins et al., 2003). Not all drug-drug interactions due to NR activation 
result in decreased medication efficacy. Cyclophosphamide is activated by 
CYP2B6 to form 4-hydroxycyclophosphamide, and this process is increased in 
the presence of CAR activation leading to increased cytotoxicity in CAR-
containing hepatocytes, but not CAR-null hepatocytes (Hedrich et al., 2016).  We 
hypothesize that activation of HR96 will cause similar interactions as CAR/PXR 
due to enzyme or transporter induction.   
 Previous work has shown concentration-dependent protection in D. 
magna when exposed to 20 or 40 µM atrazine and the HR96 inhibitors triclosan 
or DHA (Sengupta et al., 2015).  Given the potential for the HR96 activator, 
atrazine to alter the toxic response of D. magna, we examined its effects on gene 
expression via RNAseq. We hypothesized that atrazine would induce 
detoxification enzyme genes, such as GSTs, UDPGTs, and CYPs, and in turn 
allow us to predict classes of chemicals susceptible to mixture effects following 
HR96 activation.  
 
2. Materials and Methods 
2.1. Daphnia culture 
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D. magna were cultured in moderately hard water at 21°C in a Goldline SP-
300 environmental chamber under a 16:8 light:dark cycle. The daphnids were fed 
laboratory cultured Raphidocelis subcapitata (Aquatic Biosystems, Fort Collins, 
CO USA) supplemented with TetraFin fish food (Masterpet Corp., New South 
Wales, Australia) as described previously (Ginjupalli and Baldwin, 2013). 
 
2.2. Chemicals 
 Chemical exposures were performed with p-nonylphenol (99.9%) (Honeywell 
Riedel-de Haën, Morris Plains, NJ USA), bisphenol A (97%), triclosan (97%) 
(Sigma-Aldrich, St. Louis, MO USA), parathion (99.5%), chlorpyrifos (99.1%), 
endosulfan (99.5%), and atrazine (98.6%) (Chem Service, West Chester, PA 
USA). Stock solutions of each chemical were dissolved in dimethyl sulfoxide 
(DMSO) (99.7%) (Fisher Scientific, Fair Lawn, NJ). 
 
2.3. RNA sequencing and qPCR confirmation 
 RNA was extracted from seven-day old daphnids exposed for 96h to 0, 20, or 
40 µM atrazine with DMSO used as the solvent carrier. Each treatment consisted 
of five beakers containing three daphnids each (n = 5). Following exposure, the 
samples were placed in RNAlater Stabilization Solution (Invitrogen, Carlsbad, CA 
USA) and stored at -80oC.  RNA was extracted from the adult daphnids using the 
RNeasy Plus Mini Kit (Qiagen, Germantown, MD USA) according to the 
manufacturer’s instructions, quantified with a NanoDrop Lite Spectrophotometer 
and purity of the samples were analyzed with a NanoDrop 8000 
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Spectrophotometer (Thermo Scientific, Waltham, MA USA).  An Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA USA) was used to assess 
the quality of the samples by assigning an RNA integrity number (RIN), and 
samples with RIN > 8 were determined to be of high enough quality for next 
generation sequencing. 
 Libraries were then prepared from the RNA and TruSeq Stranded Total RNA 
Library Prep kit (Illumina, San Diego, CA USA). Samples were sequenced on an 
Illumina HiSeq2500, 2 x 125 paired-end sequencing at Hollings Cancer Center at 
the Medical University of South Carolina. FastQC was used to check the quality 
metrics of the samples, and then Trimmomatic was used to trim low quality 
bases. After the reads were trimmed, they were aligned using GSNAP to the D. 
magna reference genome 
(https://www.ncbi.nlm.nih.gov/assembly/GCA_001632505.1/). Subread feature 
counts software found reads that aligned with known genes. EdgeR (Huber et al., 
2015; Robinson et al., 2009) and the raw reads counts were used to determine 
differential gene expression (DGE) analysis.  
 Low coverage genes, determined to be genes in which the lowest replicate 
number of samples had less than one count per million of expression, were 
filtered out of the analysis and samples were then normalized to scale their 
library sizes. Genes were determined to be differentially expressed if the gene 
had a fold change greater than 1 (i.e. |log2FC| > 1). Differentially expressed 
genes were annotated with the Trinotate pipeline (Haas et al., 2013). The GO 
terms were analyzed for enrichment using the GOSeq method (Young et al., 
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2010) to adjust for gene length and expression bias, and enriched GO terms 
were visualized using Revigo and Cytoscape (Smoot et al., 2011; Supek et al., 
2011). Similarly, the K numbers from the KEGG database were extracted from 
the genes with log2FC > 1 and entered into the KEGG Mapper (http://www. 
genome.ad.jp/kegg/) to determine biochemical pathways affected by atrazine 
exposure (Kanehisa and Goto, 2000).  The normalized counts for genes of 
interest were averaged for the control and treated replicates and log transformed, 
then expression was compared in a heatmap constructed using Heatmap2 (R 
Core Team, 2017). 
 qPCR was performed to confirm differential expression of specific genes 
following exposure to 0, 20 or 40 µM atrazine.  Two µg RNA was used to 
synthesize cDNA as previously described (Sengupta et al., 2015) (Promega, 
Madison, WI USA).  qPCR was performed on an iCycler (Bio-Rad Laboratories, 
Hercules, CA USA) with 0.25X SyBR Green Master Mix (Qiagen, Germantown, 
MD USA) with a set of dilutions (1:1, 1:4, 1:16, 1:64, 1:256, and 1:1024) from a 
mix of untreated and treated samples as the standard curve to determine the 
efficiency of each qPCR reaction.  Primer sets and annealing temperatures are 
available in Suppl. Table 1. Triplicate, 1:15 diluted samples were quantified by 
taking the efficiency of each curve raised to the power of the average threshold 
cycle (Ct) for each sample and then normalized to β-actin as described 
previously by us and others (Hernandez et al., 2009; Hernandez et al., 2007; 
Muller et al., 2002). Differences in gene expression were determined by One-way 
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ANOVA followed by Fisher’s LSD post-hoc test using GraphPad Prism 7.0 
software (Graphpad Software Inc, San Diego, CA USA).   
 
2.4. Toxicity tests 
 Neonatal daphnids (less than 24 hr) were exposed to varying concentrations 
of a single chemical for 48h in acute toxicity tests as described previously 
(USEPA, 2002).  Each treatment group consisted of five 50 ml beakers 
containing four neonates. Sigmoidal dose response curves, LC50s, and 
Hillslopes for each chemical were generated using GraphPad Prism 7.0 (Baldwin 
& Roling, 2009; Rider & LeBlanc, 2005).  
 Subsequent binary mixture exposures were performed with each chemical 
and 40 µM atrazine as this sublethal concentration of atrazine provided the 
largest GST induction and greatest protection from DHA and triclosan (Sengupta 
et al., 2015) and therefore has potential for interactions with other chemicals.  For 
binary mixtures, each treatment group consisted of eight to ten 50 ml beakers 
each containing four neonates. After 48 hours, survival was plotted using 
Graphpad Prism and compared against the CATAM model used to predict 
mixture toxicity using the independent joint action model based on their Hillslope, 
individual LC50 and 95% CI (Baldwin & Roling, 2009; Rider & LeBlanc, 2005).  
Area under the curve (AUC) was calculated for each chemical’s individual dose-
response, atrazine mixture, and CATAM dose-response curve using Graphpad 
Prism 7.0. The CATAM model’s AUC was calculated based on the upper and 
lower limits of the 95% CI from the LC50 and Hillslope’s used to determine the 
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dose-response curve of the model as described. AUCs were compared using 
one-way ANOVA followed by Fisher’s LSD test. 
  
3. Results 
3.1 RNA sequencing  
 RNAseq was performed on D. magna exposed to 0 or 40 µM atrazine to 
determine global differential gene expression. To illustrate the differences 
between samples, a Volcano plot was generated to show the logFC against the –
log10(p-value) per gene. A total of 26,646 genes were identified through 
alignment to the D. magna genome; of these, 675 were significantly up-regulated 
and 441 were significantly down-regulated (Suppl. Fig. 1). A list of all the genes 
differentially expressed is provided as an Excel file (Suppl. Table 2).    
  A total of 178 biological processes GO terms were enriched among the up-
regulated genes (Suppl. Table 3). Enriched GO terms among the up-regulated 
genes included xenobiotic metabolism, response to oxidative stress, cellular 
oxidant detoxification, response to drug, and drug transport, consistent with an 
HR96-mediated Phase I-III detoxification response. Several enriched GO terms 
were also clustered by similarity and relate to GST activity, including glutathione 
biosynthesis and glutathione metabolism (King-Jones et al., 2006). Terms 
describing digestion further support an HR96 response as several terms 
associated with carbohydrate metabolism were induced. A fourth cluster of GO 
terms included sphingolipid metabolism, ceramide catabolism, fatty acid 
biosynthesis, and sphinganine-1-phosphate metabolism, consistent with HR96 
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activation and its role in mediating sphingomyelin, cholesterol, and triacylglycerol 
homeostasis (Bujold et al., 2010; Sengupta et al., 2017; Sieber & Thummel, 
2009).  Twenty-eight of the enriched GO terms were selected for their 
association with HR96 activation and detoxification and were visualized using 
Revigo and Cytoscape (Smoot et al., 2011; Supek et al., 2011) (Fig. 2.1).  In 
addition processes such as rRNA catabolic process, apoptotic processes, and 
cellular response to nitric oxide, among others, were up-regulated (Suppl. Table 
3) and these processes are not known to be mediated by HR96.  
 Only one biological processes GO term, DNA integration, was enriched 
among the significantly down-regulated genes. However, terms associated with 
significantly down-regulated genes include galactosylceramide biosynthesis, 
oogenesis, and pupal chitin-based cuticle development, suggesting effects on 
genes that regulate development and reproduction (Suppl. Table 2). Atrazine at 
40 µM reduces reproduction nearly 90% in D. magna (Sengupta et al., 2016). 
Therefore, perturbations in these biological processes is consistent with previous 
studies on atrazine exposure.   
 The KEGG database was used to confirm GO enrichment results and 
determine biochemical pathways perturbed by atrazine. A total of 101 
biochemical pathways contained at least one gene product with significant 
induction, and a total of 47 biochemical pathways contained at least one gene 
with significant down-regulation.  
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Eight biochemical pathways contained at least 5 induced genes, and two 
biochemical pathways contained at least 5 down-regulated genes. (Suppl. Table 
4; Suppl. Table 5).  Up-regulated pathways included the sphingolipid signaling 
and sphingolipid metabolism, glutathione metabolism, and metabolism of 
xenobiotics and drug metabolism, consistent with GO term enrichment analysis 
(Suppl. Table 3). An example pathway is the glutathione metabolism pathway,  
 
Fig. 2.1. GO term enrichment among the significantly up-regulated 
differentially expressed genes. A sample of biological processes GO terms 
that were of relevance and significantly over-represented among the up-
regulated genes were visualized using Revigo and Cytoscape. Each node 
represents a GO term. Darker colored nodes have lower p-values, and edges 
connect GO terms that have pairwise similarities that are in the strongest 3%. A 
full list of enriched biological processes GO terms is in Supplementary Table 3. 
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which had several enzymes significantly up-regulated, including glutathione 
synthetase (logFC=1.66), glutamate-cysteine ligase catalytic subunit (logFC = 
2.19), aminopeptidase (logFC = 1.13), dipeptidase (logFC = 1.67), GST E10 
(logFC = 3.1.), GST A4 (logFC = 2.16), and GST 1 (logFC = 1.33). Enzymes 
involved in the synthesis, conjugation, and metabolism of glutathione were all up-
regulated due to atrazine exposure, supporting previous work which found 
increased GST activity in D. magna exposed to atrazine (Sengupta et al., 2015). 
 A heatmap was constructed to compare the expression of genes in 
glutathione metabolism and biosynthesis, xenobiotic metabolism, xenobiotic 
transporters, sphingolipid metabolism, and digestion pathways, including protein 
digestion (primarily down-regulated) and carbohydrate digestion (primarily up-
regulated) (Fig. 2.2). Overall, expression was typically greater in the atrazine 
exposed group compared to the control group for the known HR96-mediated 
pathways such as detoxification and sphingolipid metabolism except digestion. 
Of the 147 genes with log fold change of 1.5 or greater, 96 were annotated, 
including 17 known detoxification genes such as ADH, esterases, peroxidases, 
GSTs, CYPs, ABC transporters, and a sulfotransferase. (Table 2.1; Suppl. 
Table 2).  Overall, 11.6% of the genes with 1.5-fold or greater change are phase 
I-III detoxification genes; a substantial percent. GO term enrichment and pathway 
analysis demonstrate significant induction of xenobiotic metabolism pathways by 
atrazine. Taken together with transcriptomics data indicating perturbations in  
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Fig. 2.2. Heatmap of relative expression of genes in pathways of interest. 
Genes involved in glutathione metabolism and biosynthesis, xenobiotic 
metabolism, xenobiotic transporters, and sphingolipid metabolism generally had 
higher expression in atrazine exposed daphnids compared to the control. 
Digestion related genes varied in expression in the atrazine group compared to 
the control. 
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Table 2.1. Detoxification genes up-regulated due to 40 µM atrazine 
exposure.  
Gene log2Fold Changea p-value Locus tag/ID
b 
Aldo-keto reductase family 1 member B10 / 
ADH A 3.831 3.18E-13 APZ42_033983 
GST E10/1-1 3.103 6.73E-18 APZ42_014224 
Aldo-keto reductase family 1 member C23-like 
protein 2.605 1.08E-15 APZ42_018563 
Organic cation transporter protein 2.270 6.39E-15 APZ42_025994 
Glutamate-cysteine ligase catalytic subunit 2.193 3.6E-15 APZ42_028324 
GST A4 2.167 2.33E-08 APZ42_020015 
UDPGT 2B7 / Ugt36B 1.843 6.75E-09 APZ42_014348 
Esterase FE4 1.779 2.89E-08 APZ42_031913 
CYP370A13 1.767 1.32E-08 APZ42_028687 
Dipeptidase 1 1.678 8.07E-10 APZ42_016051 
Glutathione synthetase 1.657 7.62E-07 APZ42_019059 
CYP4C55 1.634 2.76E-07 APZ42_019414 
Cyp4C58 1.580 2.97E-06 APZ42_028083 
UDPGT 2B31  1.571 3.45E-05 APZ42_013190 
Glutamate--cysteine ligase regulatory subunit 1.557 2.09E-08 APZ42_028089 
Solute carrier family 15 member 2 1.547 2.97E-05 APZ42_024423 
CYP370A9 1.541 3.96E-15 APZ42_028691 
a Log2Fold Change determined by EdgeR 
b Locus tag / ID is the accession number for the NCBI database   
 
 
sphingomyelin metabolism and digestion, the atrazine transcriptomics data is 
consistent with HR96 activation in vivo. 
 
3.2 qPCR 
qPCR was used to confirm differential expression of several genes, 
especially those related to detoxification or sphingolipid homeostasis. Two GSTs, 
cyp370a9, ADH-A, and two sphingomyelinases were significantly up-regulated in 
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the daphnids exposed to at least one of the atrazine concentrations (Fig. 2.3). An 
uncharacterized protein was confirmed to be down-regulated in the 20 µM 
treated daphnids; a galactosylceramide sulfotransferase gene identified to be 
down-regulated was not confirmed by qPCR (Fig. 2.3).  qPCR validation of 
down-regulated genes can be difficult as genes with already low copy numbers 
may not respond until later qPCR cycles, which are associated with decreased 
reaction efficiencies (Morey et al., 2006). Overall, qPCR confirmed that several 
detoxification genes are significantly induced by atrazine.  
 
3.3 Toxicity tests 
 Standard 48h acute toxicity tests demonstrated that chlorpyrifos is the most 
toxic (LC50 = 2.9 pM) and bisphenol A (BPA) is the least toxic (LC50 = 66.53 µM) 
of the chemicals tested (Table 2.2; Suppl. Fig. 2).  All six compounds tested 
were used at varying concentrations in binary mixture assays with 40 µM 
atrazine, as this concentration is not toxic, induces detoxification genes (Table 
2.1; Fig. 2.3), and has been previously shown to provide concentration-
dependent protection from triclosan (Sengupta et al., 2015). Measured toxicity of 
individual chemicals was compared to toxicity in the presence of atrazine, and to 
the independent joint action model using CATAM at each chemical’s LC50 value 
as well as the upper and lower 95% confidence intervals of the LC50 (Fig. 2.4).   
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Fig. 2.3. qPCR confirmed changes in gene expression measured by 
RNAseq. Changes in gene expression were confirmed for several genes by 
qPCR at 0, 20 and 40 µM atrazine.  
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Table 2.2. LC50 and Hillslope values for the chemicals of interest. Values 
determined from neonates exposed to chemicals individually for 48 hours. 
Atrazine values from Sengupta et al., 2015.    
 
Chemical LC50 (µM)(95% CI) Hillslope 
p-nonylphenol 1.944 (1.722 - 2.194) -5.895 (-8.000 to -3.790) 
BPA 66.53 (57.27 – 77.27) -6.891 (-10.34 to -3.438) 
parathion  0.0122 (0.0103 – 0.0144) -4.831 (-8.368 to -1.294) 
chlorpyrifos  0.002921 (0.002416 to 0.003449) -2.498 (-3.795 to -1.496) 
endosulfan 4.644 (4.415 to 4.885) -8.310 (-10.52 to -6.098)  
triclosan 1.083 (0.9951 to 1.186)  -4.365 (-6.091 to -3.083) 
atrazine 78.8 -36.56 (-2.69e07 to 2.69e07) 
 
 Percent survival and compliance with the independent joint action model 
varied depending on the chemical.  Comparison of the dose-response curves 
from the standard toxicity tests to CATAM indicate that CATAM correctly 
estimated the toxicity of chlorpyrifos and BPA in the presence of atrazine (Fig. 
2.4).  To confirm these results, the LC50’s of the atrazine binary mixtures were 
determined and compared to the LC50 of the individual chemicals.  The LC50 of 
atrazine + chlorpyrifos (0.00239 µM) and atrazine + BPA (67.75 µM) either fit well 
within the 95% CI of the individual chemicals or is extremely close.  Thus, toxicity 
is considered additive. 
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Fig. 2.4. Toxicity of individual chemicals and binary atrazine mixtures 
compared to the CATAM model. Neonates were exposed to 40µM 
atrazine and one other chemical for 48 hours and survival measured. The 
measured toxicity of the individual chemicals and chemical mixture is 
compared to the estimated toxicity of the CATAM model shown with solid 
lines with the top and bottom lines indicative of the upper and lower 95% 
confidence intervals of the model based on the chemical’s Hillslope and 
LC50. 
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 Comparison of the curves produced from the toxicity tests to CATAM 
overestimated survival of daphnids exposed to endosulfan, high concentrations 
of parathion, and to a lesser extent p-nonylphenol, indicating synergism between 
these chemicals (Fig. 2.4). The LC50 values produced from the atrazine-
containing binary mixtures confirmed synergistic toxicity for p-nonylphenol (1.449 
µM) and endosulfan (1.825 µM), as LC50’s dropped 25% and 60%, respectively 
(Table 2.2).  The LC50’s are well below the 95% CI’s for these two chemicals.  
The 95% CI of parathion is very close to parathion’s LC50 during atrazine co-
treatment (0.0010 µM) and this may be due to atrazine exerting is synergistic 
effects only at high concentrations of parathion (Fig. 2.4). In addition, we 
determined AUC with GraphPad Prism 7.0 for the individual compounds, 
mixtures, and CATAM model.  The AUCs were significantly less for the mixtures 
curves of atrazine with endosulfan, parathion, or p-nonylphenol compared to 
AUC for the compound individually, but also for the CATAM model.  All three 
analyses used (dose-response curves, LC50 values, and AUC) indicate 
synergistic toxicity for atrazine-p-nonylphenol or atrazine-endosulfan mixtures, 
and two out of three analyses used indicate synergistic toxicity for atrazine-
parathion mixture, further confirming that atrazine enhanced toxicity within all 
three of these mixtures (Fig 2.4; Suppl. Fig. 3).  
 Comparison of the curves produced from the toxicity tests to CATAM 
underestimated survival of daphnids exposed to triclosan, indicating 
concentration-dependent protection (antagonism) by atrazine (Fig. 2.4).  The 
LC50 value produced from atrazine + triclosan (1.5 µM) is significantly higher 
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than for triclosan alone (0.9951 µM to 1.186 µM) (Table 2.2), indicating that 
triclosan is the only chemical of those we tested with decreased toxicity in the 
presence of atrazine consistent with previous work (Sengupta et al., 2015).  
Furthermore, the AUC for atrazine in combination with triclosan was significantly 
greater than the CATAM model’s AUC or triclosan’s AUC, confirming survival 
was greater within the mixture (Suppl. Fig. 3). 
 
4. Discussion 
 Atrazine, an efficacious HR96 activator, significantly up-regulates 
detoxification genes in D. magna (Suppl. Table 2-4; Table 2.1) consistent with 
HR96 activation (King-Jones et al., 2006; Sengupta et al., 2015; Sieber and 
Thummel, 2009). RNAseq demonstrated that GSTs, CYPs, ADH-A, and 
UDPGTs were significantly up-regulated at 40 µM atrazine and several of these 
were confirmed by qPCR at 20 and 40 µM atrazine (Fig. 2.3).  The use of GO 
term enrichment and pathway analysis further demonstrated that terms and 
pathways associated with xenobiotic metabolism such as drug metabolism, drug 
metabolism by P450s, glutathione metabolism, oxidation-reduction reactions, and 
response to oxidative stress were all increased (Fig. 2.1; Fig. 2.2; Table 2.1).  
The RNAseq data confirms previous research that demonstrates increased GST 
activity and antioxidant responses in D. magna following 20 and 40 µM atrazine 
exposure (Sengupta et al., 2015).  Overall, these results support and confirm that 
atrazine is a potent inducer of detoxification genes most likely mediated by HR96 
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activation (Karimullina et al., 2012; King-Jones et al., 2006; Liu et al., 2017; 
Sengupta et al., 2015).   
In addition, digestion, sphingolipid metabolism, cellular response to nitric 
oxide, and apoptotic processes were induced biological processes, among others 
(Fig. 2.1; Suppl. Table 3).  Several of these pathways are known to be regulated 
by HR96 in Drosophila and potentially Daphnia such as xenobiotic metabolism, 
sphingolipid metabolism, and GST activity (Bujold et al., 2010; Horner et al., 
2009; King-Jones et al., 2006; Sengupta et al., 2017). In Drosophila, HR96 
regulates cholesterol and triacylglycerol homeostasis through the regulation of 
sterol metabolism genes, such as npc1b and magro, respectively (Bujold et al., 
2010; Horner et al., 2009; Sieber and Thummel, 2009). Interestingly, atrazine did 
not induce magro in D. magna, in previous studies and the current one, although 
other enzymes involved in lipid metabolism such as ceramidase and 
sphingomyelinase 3A were increased in a concentration dependent manner 
(Suppl. Table 2; Fig. 2.3) (Sengupta et al., 2017). Other digestive pathways 
were increased including starch and sucrose metabolism (Suppl. Table 4). Last, 
pathways such as cellular response to nitric oxide or various apoptotic processes 
have not previously been shown to be HR96-mediated, and likely are mediated 
through activation of other pathways by atrazine.  
During chemical stress, energy allocation is directed toward detoxification 
and survival and away from reproduction and growth (Du et al., 2015; Roling et 
al., 2006; Scanlan et al., 2015). Down-regulated GO terms such as oogenesis 
and pupal chitin-based cuticle development support this basic premise. Atrazine 
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reduces reproduction significantly with 40 µM atrazine reducing fecundity nearly 
90% (Sengupta et al., 2016). Furthermore, in Tribolium castaneum, HR96 mRNA 
levels are high in the ovaries, and the knock-down of HR96 through RNA 
interference (RNAi) resulted in the loss of reproduction, likely due to the 
interruption of development of embryos (Xu et al., 2010).  Interestingly, 
galactosylceramide biosynthesis was a biological process associated with down-
regulated genes and sphingolipid metabolism was associated with up-regulated 
genes (Suppl. Table 2).  This indicates an increase in sphingolipids and 
sphingomyelin with an associated decrease in ceramides (Delgado et al., 2007).  
Sphingomyelin is primarily produced in neonates and lost as neonates develop 
into reproductive adults, further supporting a role for sphingomyelin/sphingolipid 
metabolism in reproduction (Sengupta et al., 2017).  Previous research has 
shown that atrazine alters lipid profiles primarily by perturbing 
sphingomyelin/ceramide pathways, increasing sphingomyelin concentrations, 
and this is associated with repressed reproductive development (Sengupta et al., 
2017, 2016). While Daphnia are unlikely to encounter a concentration as high as 
40 µM in a natural system, atrazine has the potential to perturb both 
detoxification and reproduction and sphingolipid metabolism is associated with 
the decrease in reproduction.  
Given the induction of GSTs, UDPGTs, CYPs, and multidrug transporters, 
among other detoxification enzymes, we predicted concentration-dependent 
protective antagonistic mixture interactions with atrazine and triclosan and 
atrazine and the phenols. Triclosan generates ROS and is primarily detoxified via 
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glucuronidation with some sulfation (Ashrap et al., 2017; Binelli et al., 2009; Wu 
et al., 2010). RNAseq confirmed that several GSTs and UDPGTs were induced, 
which may detoxify triclosan or mitigate its toxic effects from ROS generation. 
Similar to previous studies, we saw an increase in survival in daphnids exposed 
to an atrazine and triclosan mixture when compared to triclosan alone and the 
CATAM model (Fig. 2.4). Previous work also demonstrated protective effects in 
40 µM atrazine and 1-1.5 µM triclosan mixtures (Sengupta et al., 2015).  
For BPA and p-nonylphenol, the CATAM model tended to underestimate 
toxicity and overestimate survival, though the extent by which it underestimated 
toxicity varied by concentration. Like triclosan, BPA and p-nonylphenol are 
hypothesized to be detoxified through glucuronide conjugation (Fay et al., 2015; 
Green et al., 2003). Despite the induction of several UDPGTs, antagonistic 
effects were not observed (Fig. 2.4; Suppl Fig. 3). At higher concentrations, p-
nonylphenol weakly increased toxicity, while BPA’s trend did not deviate from the 
CATAM model.  Previous work has demonstrated an additive effect with atrazine-
BPA mixtures (Juhel et al., 2017). We did observe differences in the AUC for the 
atrazine-BPA mixtures (Suppl. Fig. 3); however this was the only one of three 
analysis methods (dose-response curves, LC50 values, AUC) that showed 
synergism and also appears to be the least stringent method. 
For mixtures containing organochlorines or organophosphates, we 
expected that atrazine would increase toxicity because CYP induction would 
increase the formation of the toxic –sulfated and –oxon metabolites of endosulfan 
and parathion/chlorpyrifos. The CATAM model significantly underestimated 
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endosulfan toxicity at a concentration of 4 µM (Fig. 2.4). Endosulfan is 
metabolized by CYPs to another toxic form, endosulfan sulfate, and generates 
ROS (Barata et al., 2005; Sebastian & Raghavan, 2017). Atrazine exposure 
induced several CYPs that could have contributed to increased toxicity through 
the production of endosulfan sulfate. Also induced were antioxidants like GSTs, 
but superoxide dismutase and catalase were not, potentially weakening D. 
magna’s ability to respond to ROS.  The lack of superoxide dismutase and 
catalase induction also suggests that Nrf2 was not activated following atrazine 
exposure (Zhu et al., 2005).  Overall, atrazine-endosulfan binary mixtures 
showed increased toxicity relative to the CATAM model for all three analyses, 
consistent with increased endosulfan sulfate production by CYPs.   
The CATAM model underestimated the toxicity of parathion-atrazine 
mixtures as predicted, primarily at high concentrations of parathion.  In atrazine-
parathion mixtures, mortality was 100% at parathion’s LC50 (0.012 µM) (Fig. 2.4), 
presumably because of the increased paraoxon produced by CYPs (Mota et al., 
2010).  For chlorpyrifos-atrazine mixtures, the CATAM model was a fairly 
accurate predictive model, suggesting additive effects were occurring but not 
synergism. The CYP enzymes induced by atrazine may metabolize parathion, 
but not chlorpyrifos, potentially accounting for the difference in response to the 
atrazine mixture. In human microsomes, CYP2B6 was found to be important 
metabolic enzymes of parathion and chlorpyrifos (Foxenberg et al., 2007; Mutch 
& Williams, 2006). Chlorpyrifos metabolism by CYP2B6 primarily produced the 
toxic chlorpyrifos-oxon metabolite (Foxenberg et al., 2007), while other studies 
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found CYP2B6 metabolism of parathion preferentially produced the non-toxic 
metabolite p-nitrophenol (Mutch & Williams, 2006).  In D. magna, two CYP2 clan 
members, cyp370a13 and cyp370a9 (Baldwin et al., 2009, were induced by 
atrazine. However, as in humans, one of the up-regulated CYP enzymes induced 
by atrazine exposure may preferentially produce a toxic metabolite for one 
organophosphate (parathion) and the non-toxic metabolite for another 
(chlorpyrifos). Therefore, it is certainly possible that differences observed 
between chlorpyrifos and parathion toxicity in the presence of atrazine are 
caused by differences in the metabolism of these organophosphates by the 
corresponding induced CYPs.  
  
4.2 Conclusions 
RNAseq demonstrates that a sub-lethal concentration of the HR96 
activator, atrazine up-regulates several detoxification enzymes such as GSTs, 
CYPs, and glucosyltransferases, and this response may aid D. magna response 
to chemical stressors. This work indicates that HR96 has similar functions in 
toxicology to its orthologs, CAR and PXR. Similar to CAR and PXR, this 
response may cause adverse reactions with other chemicals (parathion, 
endosulfan, p-nonylphenol), or protective (triclosan) responses most likely 
depending on whether the induction of these chemicals leads to detoxification or 
activation. While the contaminated environment is far more complex than binary 
exposures, these findings provide a possible mechanistic explanation for atrazine 
mixture interactions in Daphnia that can be used for extrapolation in other 
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mixture scenarios. Furthermore, it demonstrates that Daphnia possess the 
biochemical machinery necessary to respond and acclimate to chemical 
stressors.  
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CHAPTER THREE 
CONCLUSIONS 
1. Accomplishments 
 The purpose of this study was to determine if the expression of phase I-II 
detoxification genes are perturbed by atrazine in a manner consistent with HR96 
activation, and test whether these differences in gene expression affect the 
toxicity of binary mixtures containing atrazine mixtures in a predictable manner.  
 
Objective 1:  Determine differential gene expression in D. magna exposed 
to 40µM atrazine and determine detoxification genes differentially 
expressed:  We determined the differential gene expression in D. magna 
exposed to 40 µM atrazine, and then mined the data to determine the pathways 
altered. To complete the first objective, we performed RNA-seq and through GO 
term analysis, KEGG pathway analysis, we observed a significant detoxification 
response. We identified 37 detoxification and metabolism genes with a fold 
change of two or higher. Phase I-III detoxification enzymes were all represented 
in the up-regulated gene set. Through qPCR, we also confirmed the upregulation 
of two sphingomyelinases, which are regulated by HR96. The induction of Phase 
I-III enzymes as well as sphingomyelinase is indicative of HR96 activation, which 
we expected because atrazine is a potent activator of HR96 (Karimullina et al., 
2012; King-Jones et al., 2006; Sengupta et al., 2017).  
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Objective 2: Determine if the induction of detoxification genes allows us to 
predict the effect of atrazine in mixtures: To complete the second objective, 
determining whether induction detoxification enzymes caused predictable mixture 
interactions, we performed individual and mixture toxicity tests. We performed 48 
hr acute exposures for each of the compounds to determine LC50 and Hill slope 
values, and found a wide range of toxicity, from an LC50 of 2.9 nM for chlorpyrifos 
to 66.53 µM for BPA. The mixture assays were done with 40 µM atrazine and 
varying concentrations of the second compound, and survival was compared to 
the CATAM independent joint action model. We observed mixture interactions in 
atrazine mixtures with triclosan, parathion, and endosulfan; atrazine and triclosan 
mixtures had concentration-dependent protective effects, while parathion-
atrazine and endosulfan-atrazine mixtures had synergistic toxic effects, 
especially at higher concentrations.  The protective effect observed with atrazine 
and triclosan mixtures is consistent with previous studies, and may have 
occurred due to the induction of antioxidants and detoxification enzymes that 
mitigate the damage caused by triclosan, as well as aiding in its clearance. 
Synergism may have occurred at these high concentrations because the 
increased levels of the compound coupled with the induction of CYPs that 
increased the rate and amount of the compound activated to its toxic metabolite.  
Surprisingly, we did not see synergism in the atrazine and chlorpyrifos mixtures, 
which was expected due to the up-regulation of CYPs.  
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Overall, this study confirmed that atrazine exposure, presumably through 
HR96 activation, up-regulates detoxification genes.  Given the enzymes that 
were induced, we were often able to predict mixture interactions that occurred.  
 
1. Environmental Relevance 
In the modern world, organisms are constantly exposed to a mixture of 
compounds in the environment, and studying these extremely complex 
environmental mixtures can be difficult. In a survey of streams throughout the 
United States in 1999 and 2000, most sampled streams had multiple organic 
wastewater contaminants detected, with a median of seven per sampling but as 
many as 38 in one sample (Kolpin et al., 2002). Experiments that would recreate 
an exposure scenario found in the environment are often not feasible; for 
example, an experimental exposure of three different compounds at five different 
doses each requires 125 treatments groups, and if each treatment has ten 
replicates, 1,250 animals (Lang, 1995). Less complex binary mixture experiments 
however still have value for environmental assessment. A bottom-up approach to 
determine the mechanism behind the toxicity of a single compound or a less 
complex mixture can still be applied to extrapolate effects in the environment 
(Feron and Groten, 2002; Lang, 1995).   
Equivalent to 8.6 mg/L, 40 µM atrazine is too high of a concentration to be 
environmentally relevant (DeLorenzo and Serrano, 2003; Wacksman et al., 
2006), as are most of the experimental concentrations of the other compounds of 
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environmental concern. However, by recognizing atrazine as an activator of 
HR96, we can use it as a reference compound and from it, extrapolate the effects 
other HR96 activators such as pyriproxyfen and chlorpyrifos may have in vivo 
(Karimullina et al., 2012). Furthermore, if atrazine is inducing a significant 
detoxification response at 40 µM, exposure at lower concentrations will likely 
induce a similar but slightly muted response. For example, several HR96 
mediated genes were induced by 20 µM atrazine to similar levels (Fig. 2.3). 
Common detection levels range between 0.1-30 µg/L, but spikes in concentration 
as high as 700 µg/L have been observed (DeLorenzo and Serrano, 2003; 
Wacksman et al., 2006). At higher environmentally detected levels, there may be 
a great enough concentration to activate HR96 to induce the downstream 
detoxification response, as well as perturb lipid profiles in D. magna (Sengupta et 
al., 2017), especially in response to other HR96 activators found in the 
environment. A consequence of the altered lipid profile in D. magna was poor 
lipid allocation in their broods, as well as a reduction in fecundity (Sengupta et 
al., 2017). Prolonged reduced reproduction will negatively impact the population, 
and threaten any predator species that depend on D. magna for food. Predictions 
of atrazine’s (or another HR96 activator’s) effect in the environment should also 
consider the detoxification response that is induced through HR96 activation, and 
how that may cause protective or synergistic interactions. Our study, as well as 
others, have observed mixture interactions with atrazine. It has been shown to 
cause species specific syngergism and additivity with chlorpyrifos, synergism 
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with the fungicide chlorothalonil, additivity with BPA and the pharmaceutical 
carbamazepine, and antagonism with triclosan (DeLorenzo and Serrano, 2003; 
Juhel et al., 2017; Sengupta et al., 2015; Wacksman et al., 2006).  
Our study demonstrated presumed HR96 activation by atrazine induced 
detoxification genes, and understanding the effects of atrazine on the 
biomolecular level allowed us to predict toxicity would be affected in mixtures due 
to the interactions of the individual components. Organisms in waterways 
contaminated with a multiple pollutants including atrazine will potentially have 
altered toxicity due to mixture interactions. This could manifest in synergistic 
toxicity in invertebrates exposed to atrazine and organophosphates, or additive 
effects of endocrine disruption in vertebrates exposed to atrazine and phenols. 
2. Future directions 
Future directions of this project could examine gene expression 
environmentally relevant concentrations of atrazine, to determine if gene 
expression, predictions for interactions, and observed interactions are similar to 
the experiments done with 40 µM atrazine. Our data demonstrated that for 
several detoxification genes and a sphingomyelinase gene, 20 µM atrazine 
exposure induced higher levels than 40 µM exposure. Thus, changes in gene 
expression do not always increase with increasing concentrations of the 
compound of interest. In studies with Perna viridis, low, environmentally relevant 
concentrations of atrazine (30 ng/L – 309 ng/L) were able to significantly increase 
EROD activity and GST activity in the digestive tract (Juhel et al., 2017). 
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Therefore it is plausible that there would still be significant upregulation of several 
detoxification genes in D. magna exposed to 30 ng/L or less of atrazine. 
However, the mixture interactions would have to be reevaluated and different 
predictions made. Environmental concentrations of atrazine can still have 
synergistic effects; DNA damage was significantly increased in Corbicula 
fluminea exposed to atrazine and Round-Up mixtures at environmental 
concentrations compared to the control or exposure to the two pesticides 
individually (dos Santos and Martinez, 2014). If lower concentrations of atrazine 
do not cause as significant detoxification response, such as less induction of 
CYPs and Phase II enzymes, mixture interactions may not be observed; less 
activation of parathion and endosulfan by CYPs would reduce toxicity, and 
without GSTs and/or UDPGTs, the protective effect of atrazine would be lost with 
triclosan. 
Looking at sub-lethal endpoints and not only death may also provide 
interesting results. Mixtures that affect survival are important to population health, 
but sub-lethal effects can have a lasting impact as well. A mixture study with 
fenarimol and testosterone demonstrated a greater than additive effect on 
embryo developmental abnormalities; this decrease in fecundity impacts future 
generations in the population (Mu and Leblanc, 2004). Other sub-lethal 
endpoints, such as alterations in sex ratios (Ginjupalli and Baldwin, 2013), 
feeding rates (Miles et al., 2017), or locomotion (Xiao et al., 2017) can affect the 
fitness of the population and make them more susceptible to environmental 
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stressors or predation. At lower, environmentally relevant concentrations of 
atrazine and other chemicals, the combined stress may not be great enough to 
cause death. However, mixtures that exert sub-lethal effects on the population 
can be detrimental to the population in question, and the ecosystem at large, due 
to complex species interactions. Reproduction rates, growth rates, and even 
male production may have been perturbed in the present study, but were never 
measured. Mixture interactions such as additivity, synergism, and antagonism 
are still applicable for sub-lethal endpoints, and investigating toxic effects besides 
mortality is important in the environment. Contaminants’ effects in the 
environment may not be as dramatic as the extirpation of an entire population, 
and yet chronic sub-lethal toxicity will still wreak havoc on an ecosystem. The 
effects of one population’s decreased fitness or reproduction rates will radiate out 
to impact the other species with which it interacts, ultimately creating a problem 
that reaches every aspect of the ecosystem.  
 
 
 
 
 
 
 
 
64 
 
REFERENCES 
DeLorenzo, M.E., Serrano, L., 2003. Individual and mixture toxicity of three 
pesticides; atrazine, chlorpyrifos, and chlorothalonil to the marine 
phytoplankton species Dunaliella tertiolecta. J. Environ. Sci. Health. B. 38, 
529–538. doi:10.1081/PFC-120023511 
dos Santos, K.C., Martinez, C.B.R., 2014. Genotoxic and biochemical effects of 
atrazine and Roundup, alone and in combination, on the Asian clam 
Corbicula fluminea. Ecotoxicol. Environ. Saf. 100, 7–14. 
doi:10.1016/j.ecoenv.2013.11.014 
Feron, V.J., Groten, J.P., 2002. Toxicological evaluation of chemical mixtures. 
Food Chem. Toxicol. 40, 825–839. doi:10.1016/S0278-6915(02)00021-2 
Ginjupalli, G.K., Baldwin, W.S., 2013. The Time- and Age-dependent Effects of 
the Juvenile Hormone Analog Pesticide, Pyriproxyfen on Daphnia magna 
Reproduction. Chemosphere 92, 1260–1266. doi:10.1038/jid.2014.371 
Juhel, G., Bayen, S., Goh, C., Lee, W.K., Kelly, B.C., 2017. Use of a suite of 
biomarkers to assess the effects of carbamazepine, bisphenol A, atrazine, 
and their mixtures on green mussels, Perna viridis. Environ. Toxicol. Chem. 
36, 429–441. doi:10.1002/etc.3556 
Karimullina, E., Li, Y., Ginjupalli, G.K., Baldwin, W.S., 2012. Daphnia HR96 is a 
promiscuous xenobiotic and endobiotic nuclear receptor. Aquat. Toxicol. 116–
117, 69–78. doi:10.1016/j.aquatox.2012.03.005 
King-Jones, K., Horner, M.A., Lam, G., Thummel, C.S., 2006. The DHR96 
nuclear receptor regulates xenobiotic responses in Drosophila. Cell Metab. 4, 
37–48. doi:10.1016/j.cmet.2006.06.006 
Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, 
L.B., Buxton, H.T., 2002. Pharmaceuticals, hormones, and other organic 
wastewater contaminants in U.S. streams, 1999-2000: a national 
reconnaissance. Environ. Sci. Technol. 36, 1202–1211. 
Lang, L., 1995. Strange Brew: Assessing Risk of Chemical Mixtures. Environ. 
Health Perspect. 103, 142–145. 
Miles, J.C., Hua, J., Sepulveda, M.S., Krupke, C.H., Hoverman, J.T., 2017. 
Effects of clothianidin on aquatic communities: Evaluating the impacts of 
lethal and sublethal exposure to neonicotinoids. PLoS One 12, 1–24. 
doi:10.1371/journal.pone.0174171 
65 
 
Mu, X., Leblanc, G., 2004. Synergistic interaction of endocrine‐disrupting 
chemicals: Model development using an ecdysone receptor antagonist and a 
hormone synthesis inhibitor. Environ. Toxicol. Chem. 23, 1085–1091. 
doi:10.1897/03-273 
Sengupta, N., Litoff, E.J., Baldwin, W.S., 2015. The HR96 activator, atrazine, 
reduces sensitivity of D. magna to triclosan and DHA. Chemosphere 128, 
299–306. doi:10.1002/dev.21214.Developmental 
Sengupta, N., Reardon, D.C., Gerard, P.D., Baldwin, W.S., 2017. Exchange of 
polar lipids from adults to neonates in Daphnia magna : Perturbations in 
sphingomyelin allocation by dietary lipids and environmental toxicants. PLOS 
12, 1–25. 
Wacksman, M.N., Maul, J.D., Lydy, M.J., 2006. Impact of atrazine on chlorpyrifos 
toxicity in four aquatic vertebrates. Arch. Environ. Contam. Toxicol. 51, 681–
689. doi:10.1007/s00244-005-0264-8 
Xiao, D., Tan, X., Wang, W., Zhang, F., Desneux, N., Wang, S., 2017. 
Modification of flight and locomotion performances, respiratory metabolism, 
and transcriptome expression in the lady beetle Harmonia axyridis through 
sublethal pesticide exposure. Front. Physiol. 8, 1–12. 
doi:10.3389/fphys.2017.00033 
 
 
66 
 
 
 
 
 
 
 
 
 
SUPPLEMENTARY TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
67 
 
Supplementary Table 1. Primers used for qPCR validation 
Gene      
 Gene 
product 
size 
Tem
p °C 
β-actin (JAN90459.1) Fwd 
5'-CCA-CAC-TGT-CCC-CAT-
TTA-TGA-AG-3'  165bp 52.2 
  Rev 
5'-CGC-GAC-CAG-CCA-AAT-
CC-3'     
          
GSTS 1 
(APZ42_020015) Fwd 
5'-CCA-TTT-AGC-ATG-CCC-
GTT-TAC-3'  94bp 59.8 
  Rev 
5'-CTC-CAG-CCT-GGT-GAA-
GAA-TAA-G-3'     
          
CYP370A9 
(APZ42_028691) Fwd 
5'-CGG-GTT-ACA-TCC-CAT-
TCC-TAT-C-3'  105bp 59.8 
  Rev 
5'-GTC-CTA-AAT-AGA-AGC-
CCG-TTA-CT-3'     
          
ALDH 
(APZ42_033983) Fwd 
5'-GAG-ATC-GAG-ACA-GCA-
GTG-AAC-3'  103bp 55.9 
  Rev 
5'-GCT-GGA-GTA-CTT-CGC-
CAA-TAA-3'     
          
GST 1-1 
(APZ42_014224) Fwd 
5'-CTG-CGG-CGA-TTG-ATT-
TCT-TG-3'  108bp 57 
  Rev 
5'-CAA-TGG-TGG-ACA-
CGG-TAG-AG-3'     
          
GalCer_Sulfo138 
(APZ42_018280) Fwd 
5'-CTG-GAC-CTG-AAC-GTG-
AGA-AA-3'  135bp 59.8 
  Rev 
5'-GGC-AAC-GTG-ATC-AAA-
TC-3'     
          
Uncharacterized 
protein Fwd 
5'-CGT-GAG-CGT-ATC-GTA-
TCA-AGA-A-3'  103bp 59.8 
m8AUGep24b_p1s01
361g334t1 
(APZ42_022312)  Rev 
5'-TGG-AAC-ACC-GTT-AGC-
GTA-AA-3'     
          
Sphingomyelinase3a Fwd 5'-GCG-CTC-TTC-CAG-CTC-  148bp 60 
68 
 
(APZ42_027269)  TAT-TT-3' 
  Rev 
5'-GAC-GGA-TTT-GCT-CGC-
ATT-TG-3'     
          
Sphingomyelinase46
0 (APZ42_014680) Fwd 
5'-CTA-CAG-ATG-CTG-CCG-
GAT-ATT-3'  269bp 61 
  Rev 
5'-GTC-GGA-TGA-GAC-
TCG-TGA-TTT-3'     
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Supplementary Table 4. Up-regulated KEGG pathways and KEGG terms 
associated with 40 µM atrazine exposure.  
 
KEGG pathway Number of 
associated terms 
KEGG Terms 
Metabolic pathways 
ko01100 
30 ko:K00011 aldehyde 
reductase  
ko:K00699 UGT; 
glucuronosyltransferase  
ko:K01019 GAL3ST1; 
galactosylceramide 
sulfotransferase 
ko:K01920 gshB; 
glutathione synthase  
ko:K07750 methylsterol 
monooxygenase  
ko:K11204 GCLC; 
glutamate--cysteine ligase 
catalytic subunit  
ko:K11205 GCLM; 
glutamate--cysteine ligase 
regulatory subunit 
ko:K12350 SMPD1; 
sphingomyelin 
phosphodiesterase f 
Sphingolipid signaling 
pathway and 
Sphingolipid metabolism 
ko04071 and ko00600 
7 ko:K01379 CTSD; 
cathepsin D 
ko:K01634 SGPL1; 
sphinganine-1-phosphate 
aldolase  
ko:K04716 SGPP1; 
sphingosine-1-phosphate 
phosphatase 1  
ko:K05665 ABCC1; ATP-
binding cassette, 
subfamily C (CFTR/MRP), 
member 1 
ko:K12349 ASAH2; 
neutral ceramidase  
ko:K12350 SMPD1; 
sphingomyelin 
phosphodiesterase  
ko:K01019 GAL3ST1; 
70 
 
galactosylceramide 
sulfotransferase 
Starch and sucrose 
metabolism ko00500    
5 ko:K01176 AMY; alpha-
amylase  
ko:K01194 TREH; 
alpha,alpha-trehalase  
ko:K01203 SI; sucrase-
isomaltase  
ko:K01225 CBH1; 
cellulose 1,4-beta-
cellobiosidase  
ko:K12316 GAA; 
lysosomal alpha-
glucosidase 
Glutathione metabolism 
ko00480 
5 ko:K00799 GST; 
glutathione S-transferase  
ko:K01920 gshB; 
glutathione synthase  
ko:K11140 ANPEP; 
aminopeptidase N  
ko:K11204 GCLC; 
glutamate--cysteine ligase 
catalytic subunit  
ko:K11205 GCLM; 
glutamate--cysteine ligase 
regulatory subunit 
Metabolism of 
xenobiotics by 
cytochrome P450 and 
Drug metabolism - other 
enzymes ko00980 and 
ko00983 
4 ko:K00084 CBR3; 
carbonyl reductase 3  
ko:K00699 UGT; 
glucuronosyltransferase  
ko:K00799 GST; 
glutathione S-transferase  
ko:K01044 CES1; 
carboxylesterase 1 
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Supplementary Table 5. Down-regulated KEGG pathways and KEGG terms 
associated with 40 µM atrazine exposure. 
 
KEGG pathway Number of 
associated 
terms 
KEGG Terms 
Metabolic 
pathways ko01100 
10 ko:K00108 betA; choline 
dehydrogenase  
ko:K00472 P4HA; prolyl 4-hydroxylase  
ko:K00715 B3GALT4; ganglioside 
galactosyltransferase  
ko:K01019 GAL3ST1; 
galactosylceramide sulfotransferase  
ko:K01183 E3.2.1.14; chitinase  
ko:K01988 A4GALT; lactosylceramide 
4-alpha-galactosyltransferase  
ko:K07968 B4GALT3; beta-1,4-
galactosyltransferase 3 
ko:K11140 ANPEP; aminopeptidase N  
ko:K13524 ABAT; 4-aminobutyrate 
aminotransferase / (S)-3-amino-2-
methylpropionate transaminase  
ko:K14464 FUT-1; alpha-1,3-
fucosyltransferase  
Protein digestion 
and absorption 
ko04974 
6 ko:K01298 CPA2; carboxypeptidase A2  
ko:K06236 COL1A; collagen, type I, 
alpha 
ko:K08131 COL9A; collagen, type IX, 
alpha 
ko:K08779 CPA1; carboxypeptidase A1  
ko:K19479 COL10A; collagen, type X, 
alpha 
ko:K19721 COL5AS; collagen, type 
V/XI/XXIV/XXVII, alpha 
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Supplementary Fig. 1. Differentially expressed genes 
 
Genes without significant differences in fold change or without significant p-value 
are represented with black dots. Dots of other colors represent the 675 
significantly upregulated and 441 significantly downregulated genes found during 
RNAseq. 
 
 
 
 
 
 
74 
 
Supplementary Figure 2. Individual toxicity of six environmentally relevant 
chemicals 
 
 
 
D. magna neonates were exposed to varying concentrations of each compound 
individually for 48 hours, and survival was measured.  
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Supplementary Figure 3. Area under the curve (AUC) for individual chemicals, 
atrazine containing mixtures, and CATAM predictive dose-response curves 
 
 
 
AUC was calculated for each chemical’s individual dose-response, atrazine 
mixture, and CATAM dose-response curve using Graphpad Prism 7.0. The 
CATAM model’s AUC was calculated based on the upper and lower limits of the 
95% CI from the LC50 and Hillslope’s used to determine the dose-response curve 
of the model as described in the Materials and Methods. AUCs were compared 
using one-way ANOVA followed by Fisher’s LSD test. Bars that are significantly 
different have different letters. Asterisks denote p-values for comparison to the 
CATAM model: * = ≤0.05; ** = ≤0.01 ; *** = ≤0.001. 
